The atomic-scale restructuring of hex-Pt(100) induced by carbon monoxide with a wide pressure range was studied with a newly designed chamber-in-chamber high-pressure STM and theoretical calculations. Both experimental and DFT calculation results show that CO molecules are bound to Pt nanoclusters through a tilted on-top configuration with a separation of ~3.7-4.1 Å. The phenomenon of restructuring of metal catalyst surfaces induced by adsorption, and in particular the formation of small metallic clusters suggests the importance of studying structures of catalyst surfaces under high pressure conditions for understanding catalytic mechanisms.
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The ability of surfaces to restructure under the influence of adsorbates, plays a crucial role in heterogeneous catalysis because catalytic activity and selectivity depend strongly on the arrangement of metal atoms that form active sites 1 . Catalytic reactions take place in the presence of reactant gases at pressures ranging from mTorr to atmospheres and under these conditions dense layers of adsorbed molecules form with structures determined both by thermodynamics and kinetics. The pressuredependent entropy, kT⋅logP, significantly contributes to the Gibbs free energy of the system and may result in a surface structure different from that at low pressure 2, 3 . Particularly important are reconstructions that might generate structures unstable under vacuum or under low pressure conditions.
For these reasons, studies using techniques that can operate under relevant gas pressures are highly desirable. Scanning tunneling microscopy (STM) can provide atomic resolution images of surfaces over a wide pressure range of reactants. A new high-pressure STM operating inside a small volume reaction cell was built in our laboratory and used in the present study. 4 The Pt(100) surface is interesting because its stable structure consists of a quasi-hexagonal overlayer, or hex-Pt(100), on top of the square symmetry (100) lattice 5 . Similar reconstructions have been observed on the (100) surfaces of other 5d transition metals such as Au and Ir under high vacuum 6 .
Figures 1a and 1b show schematically the structure of the hex-Pt(100) surface. Six rows of atoms in the top layer span the width of five rows of atoms of the underlying (1×1) plane along the [011] direction.
This structure contains ~20% more Pt atoms than the bulk terminated (1×1) layer 5, 6 . Interestingly, the hexagonal reconstruction is not observed on the 4d metals including Rh, Pd, and Ag. The criterion for this reconstruction has been explained as the result of the balance between electronic and elastic surfacesubstrate mismatch energies 7 . The electronic part originates from the depletion of d-electrons in the surface atoms resulting in a reduced anti-bonding contribution at the surface. Only the three late 5d metals have enough electronic energy gain to counter balance the elastic resistance of the substrate to lattice mismatch and thus reconstruct 7 .
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Several studies have shown that chemisorbed gases, including CO [8] [9] [10] [11] [12] [13] [14] [15] , NO 16 , O 2 17, 18 , and C 2 H 4 19 can lift the reconstruction so that the top Pt atoms form again a square bulk-like structure under the chemisorbed species 8, [13] [14] [15] . Most of these studies were performed using low energy electron diffraction (LEED) under high vacuum conditions. LEED provides crystallographic information of the ordered part of the surface when the domain dimensions are larger than the coherence length of the electron beam. Very small domains, like the islands produced by restructuring the Pt(100) object of this study, would give rise to broadened diffraction spots that make crystallographic analysis of their structure difficult. In addition, in most cases the surfaces were examined in ultrahigh vacuum after pumping away the CO gas phase, which results in desorption of some of the adsorbed CO molecules. STM however does not suffer from the limitations of diffraction, and can be used to study the surface structure of hex-Pt(100) in the presence of the CO gas at pressures ranging from 10 -9 to several Torr at room temperature.
A clean hex-Pt(100) surface was prepared by cycles of sputtering at 700 eV Ar + , annealing to ~950
K in 2×10 -7 Torr O 2 , and annealing in UHV at ~1100 K. A final annealing in UHV was carried out at ~1130 K followed by slow cooling to room temperature. Surface cleanliness was checked with Auger Electron Spectroscopy and STM. The new STM instrument used in this study is enclosed in a reactor 4 cell with a volume of ~19 cm 3 and offers the capability of working from UHV to ten bars as well as providing in-situ heating of the sample 4 . overlayer. Thus, it is the large distance between maxima that explains how 20% excess of Pt atoms can form islands covering 45% of the total area.
The nearly square arrangement of Pt atoms in the islands is different from the c(2×2) structure observed by LEED after exposing the Pt(100) to CO 9, 10, 13-15 . The structure revealed by LEED refers to the large coherent domains between the small islands. STM on the other hand sees only the top of the islands which, because of their small size contribute mostly to the background in the diffraction pattern.
Unfortunately the finite radius of the tip apex and the noise level (a few tens of pm) prevented obtaining high resolution images of the areas between the islands.
The large separation (0.37-0.40 nm) between maxima in the islands may be explained by the steric hindrance from repulsion between CO molecules that prevents them from getting closer than roughly their van der Waals diameter. Two models can be proposed to accommodate the repulsion. In one model CO-Pt atom moieties are separated by the CO diameter, with the Pt atoms out of registry with the substrate. A second model calls for the formation of very small islands, with the Pt atoms on lattice sites.
The island size must be limited to roughly 3 atoms so that the CO molecules can fan out, those at the edges tilting farther away from the center. There is an energy penalty due to loss of coordination of the Pt atoms with the substrate in the first model, while the molecular compression and tilting increases the energy in the second model. Figure 3 . 38×36 nm STM image of the Pt(100) surface after restructuring induced by adsorbed CO in equilibrium with the gas at 10 -5 Torr. Numerous islands are formed by Pt atoms expelled from the hexagonal structure. The islands cover ~45% area of the surface.
To gain a deeper understanding of the cluster stability we performed density functional theory (DFT) calculations using a Pt(100) slab with a Pt cluster on top. The calculations were performed in the generalized gradient approximation PW91 functional 20 , within a plane-wave pseudo-potential scheme using the Vienna ab-initio Simulation Package 21 . We used Projector Augmented Wave pseudopotentials 22 and an energy cutoff at 400 eV for plane wave expansion. Uniform grids of k-points were obtained using the Monkhorst-Pack scheme 23 of 2×4×1 k-point meshes for the slab calculation.
The initial geometry of the cluster was an array of 3×6 atoms spaced by 0.37 nm on top of a 4×8
(1×1) substrate, as shown in Figure 5a . In our calculations we used a slab consisting of six layers of Pt atoms and a top Pt layer (dark and light blue circles in Figure 5 ). The first 5 layers of the slab are fixed with the DFT calculated bulk constant, while the 6th layer together with the additional top Pt layer are allowed to relax. After relaxation however, the Pt atoms in the cluster migrated to 4-fold lattice sites of the bulk termination. In addition, the cluster split into two 3×3 clusters separated by two Pt lattice distances and with the CO molecules tilted away from each other at the edges (Figure 5b The interesting conclusion from these results is that the strong binding energy of CO to the Pt atoms together with the repulsion between the molecules drives a restructuring of the metal substrate, breaking islands into smaller entities that maximize bonding of more CO molecules.
Previous STM studies have shown that CO molecules on Pt(111) form a Moiré overlayer with a pressure-dependent coverage of 0.5-0.65 in the pressure range of 10 -6 -760 Torr 24, 25 . In this overlayer the molecules do not occupy high-symmetry sites but form an incommensurate hexagonal arrangement with variable adsorption sites. On the small islands formed after reconstruction of the compact hexPt(100) layer, the overlayer is not incommensurate but the molecules adopt a tilted on-top binding dictated by their repulsion. In summary, we have studied the atomic scale restructuring of the hex-Pt(100) surface induced by CO in a wide pressure range of gas environments. Both experimental and theoretical results show that the CO molecules are bound to small Pt nanoclusters in a tilted on-top configuration. The phenomenon of restructuring of metal catalyst surfaces induced by adsorption, and in particular the formation of small metallic clusters opens a new avenue for understanding catalytic activity under high pressures, a concept that only structural studies in the presence of gases can reveal.
